Our aim was to produce metal-wire grating polarizers by a simple two-step method. First, fused silica surface relief gratings were generated by two-beam interferometric laser-induced backside wet etching (TWIN-LIBWE) technique. The grating period was varied from 150 nm to 860 nm (p=150, 280, 460, 860 nm) by the changing of the incident angle of interfering beams. In the second step the gratings were selectively evaporated by thin silver (Ag) film using near grazing incidence (80 o ) arrangement to produce narrow metal wires. The thickness of metal film was 30±5 nm. The morphology of fabricated metal-wire structures were studied by scanning electron microscopy. The polarizers were tested in infrared wavelength range (λ=1532 nm). According to our measurements, the polarisation contrast of 280 nm period structures was 1:10 for TE:TM transmitted modes. In this case the filling factor of metallic stripes are close to 0.7.
Introduction
Metal-wire gratings are metallic periodic structures which provide polarization state dependent transmission/reflection of light and consequently can be used as polarizing beam splitters in optics and optical telecommunications [1, 2] . If the spatial periodicity of the metal lines are much smaller than the wavelength of incident light, the metal structure reflects the light polarized parallel to the grooves (TE mode) and transmits the light polarized perpendicular to the lines (TM mode) with high efficiency [3, 4] . As the period is comparable to the wavelength of light, the theoretical description becomes sophisticated using vectorial solutions of Maxwell equations based on rigorous coupled wave analysis (RCWA), or other numerical methods [5] [6] [7] . Concerning the mid-and far infrared region, the suitable polarizers are the free standing metal wires [8] and periodically structured metal films [9, 10] .
In the latter case, the parameters of the periodic metallic structure (profile geometry, metal thickness, etc.) can be optimized to achieve even spectrally broadband polarization properties in the IR [11] and visible [12] . The production of such fine structures are usually based on multistep lithographic techniques [12] [13] [14] , which realize periodically patterned metallic coating on a flat substrate.
Recently it has been shown that transmission gratings produced by two-beam interferometric laser induced backside wet etching technique [15] (TWIN-LIBWE) are suitable as light coupler elements [16] or as master gratings in imprint lithography [17] .
In this experimental work, we present a relatively simple two-step method to realize narrow metallic lines on a periodic surface, which are acting as light polarizer. It based on the fabrication of surface relief gratings into fused silica substrate and the subsequent selective coating of the grooves by metallic film.
Experimental
As the first step, surface relief gratings were etched into the 1 mm thick fused silica plates by two-beam interferometric laser-induced backside wet etching (TWIN-LIBWE) technique based on a Q-switched frequency-quadrupled Nd:YAG laser source (λ=266 nm, τ FWHM =8 ns, repetition rate: 10 Hz). The experimental setup was detailed in our previous study [15] and the scheme is plotted in Fig. 1 . The period (p) of the interference pattern, and therefore the period of the etched gratings can be calculated by (1) In the second step the grooved surfaces were selectively evaporated by thin silver (Ag) films using near grazing incidence (Fig. 2.) . The angle of incidence was set to 80°, while the grooves were perpendicular to the plane of incidence. This arrangement helps to create narrow conducting lines on the surface of the dielectric structure by shielding some part of every individual groove by the next one. This selfmasking effect is primary controlled by the angle α in Fig.  2 . Similar evaporation method was applied earlier in references [4, 12] for example. The surface characterization of transmission gratings was carried out by atomic force microscopy (AFM) using contact mode, while the evaporated silver structures were observed by scanning electron microscopy (SEM). The thickness of the evaporated films was measured by profilometer.
The polarization contrast and the transmission of the produced structures were tested by a diode laser (λ=1532 nm) with polarization maintaining fiber. In order to rotate the plane of polarization, a half wave plate was inserted into the beam before the sample, and the signal transmitted through the sample was detected by a photodiode (Fig. 3.) . 
Results

Surface characterization
Reference surfaces coated by Ag film at grazing incidence (α=80°) were generated automatically at the nongrooved areas of fused silica plates (Fig. 4.) . The distribution of the silver is homogeneous and the thickness is measured to be 30±5 nm in all cases. Since the distance between the Ag source and the target was around 30 cm, it is feasible to assume that the film thickness measured at the non-grooved area is equal to the thickness of Ag deposited on the surface of grooves. It is important to understand the formation of silver patterns on the surface of grooves having different modulation depth (MD), and consequently different level of selfmasking effect occurring, during fixed evaporation conditions. In order to find the optimal MD for each periodicity, several series of grooved spots were created having different MD, by adjusting the laser fluence and the pulse quantity.
An example sequence of the AFM topographies of gratings having 860 nm period with different MD are plotted in Fig. 5 , and the corresponding SEM images after selective Ag coating of them can be seen in Fig. 6 .
If the modulation of the master surface is moderated (~ 4 nm in Fig. 5a ), the silver forms a quasi-continuous film (Fig. 6a) on fused silica at this grating period. However the grooved surface with average MD of 20 nm (Fig. 5b) is suitable to create separated metallic lines (Fig. 6b) .
With increasing MD of the master structure the metallic wires become more regular and uniform (inserts c and d in Fig. 5 and Fig. 6 ). It is important to note that at fixed evaporation conditions (angle, evaporation rate), the fillingfactor (the ratio of metal-covered area and the whole area) of Ag structures also significantly depends on the groove depth of fused silica gratings. The filling-factor of silver lines in Fig. 6 (b) , (c) and (d) is measured to be 0.76, 0.66 and 0.61, respectively. This property has impact on polarization properties and transmission of the periodic structure [5, 13] .
Decreasing the period of master fused silica grating, the reachable maximal modulation depth decreases, due to the main attributes of TWIN-LIBWE procedure [15] . Fig. 7 and 8 summarize the surface characteristics of evaporated grooves by increasing grating period and consequently increasing MD. In case of the smallest period of p=150 nm (Fig 7a) , the grooves are entirely covered by the Ag film (Fig. 8a) , due to the moderate reachable modulation (8-10 nm) of the surface: the grooves do not shield the neighbor ones effectively enough. The 280 nm grating period (Fig.  7b) makes it possible to create structures have higher average MD (20 nm) which supports the formation of periodic Ag structure consist of individual silver lines (Fig. 8b) . The uniformity of Ag lines are increasing with the increasing of groove spacing and modulation depth (Fig. 7c and 8c ) and found to be the best at p=860 nm ( Fig. 7d and 8d ). 
Test measurements
As a demonstration, the polarizing properties of the created Ag structures were tested by a laser source operating at λ=1532 nm (see in Fig. 2) . The reference surfaces, as well as the quasi-homogeneously coated surfaces of p=150 nm gratings ( Fig. 6a and Fig. 8a ) are acting like a metallic mirror with low transmission (≈0,5 %).
The polarization contrast was defined as the ratio of transmitted TM intensities in the case of p and s polarization of illumination, respectively. To compare the polarization contrast of fabricated metallic structures in the function of etching pulse quantity, see in Fig. 9 . The best efficiency is achieved with the coated p=280 nm period (for example Fig. 8b) gratings. The higher period structures show one order of magnitude lower values at best, however a weak but certain polarizing effect was detectable. This behavior is not surprising, since the effect is disappearing as the groove spacing and the wavelength of illumination are commensurate. Considering the most effective grating surfaces with p=280 nm period; the evolution of created metallic surfaces are shown in Fig. 10 . The metallic coating is not forming well separated lines if the MD is smaller than ≈10 nm (<6 pulses), consequently the polarization contrast is around unity. The contrast is increasing to around 4 ( Fig. 9 ) with increasing MD (11 nm) and the silver coating forms periodic pattern on the substrate etched by 8 pulses (Fig. 10a) .
The maximal polarization contrast is measured to be around 10, here the metal surface consists of separated stripes (Fig. 8b) with filling factor of is 0.77; this surface was the most suitable polarizer structure. A very similar pattern is observable on Fig. 10b , although the Ag lines are not as uniform as in Fig. 8b , but the contrast is still around 10.
Increasing the etching pulses to 75 causing the degradation of master surfaces at this period, and consequently the degradation of the evaporated metallic stripes (Fig. 10c ) and the polarization contrast as well. At such low period the wet etching of fused silica becomes less controllable if the number of subsequent laser pulses are too much (>30 in this case) due to the etching properties of LIBWE [15] . In this regime the quality of gratings is varying arbitrary: the grating made by 150 pulses is better again, and also the metallic surface (Fig. 10d) , which provides high polarization contrast again.
Besides polarization contrast, the overall transmission is of major importance. Unfortunately, the transmission of the wire gratings were measured to be around 30% at best, which probably related to the thickness and exact shape of metallic lines created on the substrates. The best would be to set the film thickness equal or close to the skin depth of electromagnetic wave. Below that, the polarizing effect vanishes, above that the transmission decreases. In the case of aluminium the skin depth is ≈5 nm at the probe wavelength (λ=1532 nm), however the measured thicknesses (30±5 nm) are several times larger than that. The high precision optimization of the process by computer simulations [6, 7] is far beyound the aims of this experimental study. The aim of this work was to demonstrate that the wire gratings produced by the presented two-step method can operate as a polarizer structure. Further experimental optimization of the evaporation (film thickness, angle of incidence, material, etc.) could be a straightforward opportunity to increase the polarization efficiency and transmission at the same time.
Summary
We demonstrated that the fabrication of surface relief gratings in transparent substrate by TWIN-LIBWE method and the subsequent coating of them by Ag film at grazing incidence is a promising, low-cost and relatively simple method to fabricate sub-micrometer scale metal wire gratings. The surface morphology and the distribution of the silver layer is significantly depends on the modulation depth of the gratings, which must be at least 15-20 nm to create individual Ag stripes with filling factor of 0.77-0.61, depending on the period. 
